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Why Higgs Particle?

The consequence of the most ecnomic way of spontaneous
electroweak symmetry breaking → Bosons acquire masses
Have been searched for 30 years ...!?
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What We Know About Higgs?

Higgs production are calculated to
Next-to-next-leading-logarithm (NNLL)
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Diboson Physics Outlook

Access to the Gauge Boson Self-Couplings
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Large Backgrounds And Small Signal
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Extremely rare process

O(109) multi-jets QCD

O(104) Drell-Yan process

O(102) irreducible
contamination: continuum
WW

Missing Information

neutrino doesn’t interact
with detector

high PT ν cause large
imbalance transverse
energy ~E/T = −Σ ~ET
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Hadron Collisions Are Complicated

Parton Distribution
Functions

Structure of the
proton

Electroweak Physics
and Perturbative QCD

Nonperturbative QCD
Lots of different
topologies and
effects
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q
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p p̄

Use η coordinate instead of θ

η = −log(tan(θ/2))

Differences in η invariant under z-boost
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Why Dilepton+Neutrino Final State?

llννlν j j

j j j j

WW and H → WW
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Small branching
fractions
Low backgrounds
Controlable
backgrounds

Semileptonic
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nonperturbative physics in
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Unique Kinematics Signature

Spin 0 Physics to discriminate H → WW ∗ from pp̄ → WW ∗

H W+W−

Spin direction
Momentum direction



Unique Kinematics Signature

Spin 0 Physics to discriminate H → WW ∗ from pp̄ → WW ∗

H W+W−

Spin direction
Momentum direction

e+νν̄ e−

dilepton decayed from Higgs tend to point to the same direction
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Experiment Environment

Reached target luminosity
2x1032cm−2s−1 in the end of 2006

∼1.5 Pile up events at this luminosity

Expect to have 6 to 8 fb−1 in 2010

Used 1.9 fb−1 for this analysis
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CDF II

η coverage 2.5 for
showers and 1.5 for
tracks
1 GeV/c pT resolution
for 45 GeV/c lepton

electron 13%
√

ET

muon 0.05% p2
T

5 GeV E/T resolution
for 60 GeV ΣET

64%
√

ΣET
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Analysis Strategy

Event Signatures

two leptons - e or µ

larger transverse energy imbalance E/T
low multiplicity of jets
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Analysis Strategy

Event Signatures

two leptons - e or µ

larger transverse energy imbalance E/T
low multiplicity of jets

Model each background

Monte Carlo + Data driven estimation

Cross check sample modeling

Extract signal yields by fitting

How to achieve observation?

Increase signal acceptance but suppress major backgrounds

Use all available kinematic information to discriminate signal
from irreducible backgrounds
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Maximizing the acceptance part I: leptons

Aim to use every track and electromagnetic shower found
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Electrons in Winter 2006 Analysis

Cracks in η and φ
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Add New Electrons
Electrons used in Fall 2006 Analysis

Use tracks in cracks

Use forward showers (only
for WZ → 3lν/ZZ → 4l)
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Muons in Winter 2006 Analysis

Require minimum-ionizing
particles (MIPs)
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Adding New Muons

Use crack tracks

Use forward tracks which is
consistent with MIPs
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The Improved Acceptance
Lepton Types used in Fall 2006 Analysis

electron muon

WZ → 3lν gains 100% → 6σ observation

ZZ → 4l gains 250%

Higgs, WW , ZZ → 2lνν gains about 50%
Backgrounds in llνν increase 30% to 80%
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Maximizing the acceptance part II: Event Selection

Make kinematic cuts as loose as possible
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Event Selection Overview

Background in dilepton + E/T

Source Ngen

Drell-Yana → ll 1.0×107

W+jetsb 2.1×106

Wγc → lνγ 1.1×105

t t → bbllνν 1.3×103

WZ a → 3lν 2.1×102

ZZ a → llνν 1.3×102

WW → llνν 2.4×103

a MZ > 15 GeV/c2

b ∆R(j, j) > 0.4, PT (j) > 15 GeV/c, |η(j)| < 3
c ∆R(l, γ) > 0.35, PT (l), PT (γ) > 8 GeV/c
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E/T spec> 25GeV (15 when eµ)
E/T spec=

E/T , ∆φ > π/2
E/T sin(∆φ), ∆φ < π/2

, where ∆φ(nearest l or j)

Opposite sign charge

Njets < 2
ET (jet) > 15 GeV, |η| < 2.5
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Expected Yields

Source Ngen 1.9 fb−1 Nexp

Drell-Yan 1.0×107 82 ± 16
W+jets 2.1×106 67 ± 14
Wγ 1.1×105 59 ± 12
t t 1.3×103 17 ± 13
WZ 2.1×102 17 ± 3
ZZ 1.3×102 21 ± 3
WW 2.4×103 251 ± 36
Sum 513 ± 41 e e µe µ µ e trk  trkµ
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CDF Run II Preliminary -1L dt = 1.9 fb∫
 (160)H m×10 

Predicted Higgs Yields

Higgs Mass (GeV/c2)
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Cross check

E/T spec

E/T

Signal

DY

DY
test lepton ID and trigger efficiency

high E/T
high E/T
test lepton mis-measurementSame Sign

Same Sign
test conversion and fake

E/T sig

low E/T sig

low E/T sig(= E/T /σE/T
)

σE/T
=

√

∑

ET

test unclustered energy
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Cross Check Results
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Cross Check Results

 [GeV]TE
0 50 100 150 200

E
ve

nt
s 

/ 5
.0

 G
eV

-110

1

10

210

ZZ
WZ
W+jets

γW

data
WW
DY

tt

CDF Run II Preliminary -1L dt = 1.9 fb∫
 (160)H m×10 

high E/T
E/T spec< 25 GeV(15 if eµ)

 [GeV]
specTE

0 50 100 150 200

E
ve

nt
s 

/ 5
.0

 G
eV

-110

1

10

210

310

410

510

610
ZZ
WZ
W+jets

γW

data
WW
DY
tt

CDF Run II Preliminary -1L dt = 1.9 fb∫
 (160)H m×10 

low E/T sig

E/T√
P

ET
< 2.5

25/50



Candidate Events in Signal Region

CDF Preliminary with 1.9fb−1

Contribution Expected Events
WW 251 ± 36
Drell-Yan 82 ± 16
W+jets 67 ± 14
WZ 17 ± 3
ZZ 21 ± 3
Wγ 59 ± 12
t t 17 ± 3
Sum Bkg 513 ± 41
Data 522

N(mH = 160GeV/c2)=7.8

Wγ has similar kinematics to
Higgs (mH < 160Dev/c2)
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Perform Multivariate Analysis - Matrix Element Method

Discriminate signal from irreducible backgrounds
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The Analysis Flow

Use all leptonic information

8 input: ~Pl+ , ~Pl−,E/T x ,E/T y
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The Analysis Flow

Use all leptonic information

8 input: ~Pl+ , ~Pl−,E/T x ,E/T y

Calculate Event Probability

5 event probabilities output

Prob: H → WW , pp̄ → WW , pp̄ → ZZ , pp̄ → Wγ, pp̄ → W+1jet

Construct Likelihood Ratio Discriminator

1 output

LR =
PHiggs

PHiggs+Σfbj
Pbj

, where Σfbj
= 1 and fbj

are fractions of

expected yields

Build LR templates of signal and all backgrounds!
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Event Probability Calculation
Matrix Element Method

Leading order probability density using the full kinematic information

P(xobs) =
1

< σ >

∫

dσth(y)

dy
ǫ(y)G(xobs , y)dy

xobs : observed “leptons” and ~E/T y: true value
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Event Probability Calculation
Matrix Element Method

Leading order probability density using the full kinematic information

P(xobs) =
1

< σ >

∫

dσth(y)

dy
ǫ(y)G(xobs , y)dy

xobs : observed “leptons” and ~E/T y: true value

dσth
dy MCFM LO cross-sectiong tg H W�W+ l+�

��l�
�p
p ǫ(y) efficiency × acceptance

G(xobs, y) resolution effects
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Integration Details
Calculate PH→WW∗

g tg H W�W+ l+�
��l�

�p
p

12 4 × ~pi
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Integration Details
Calculate PH→WW∗

g tg H W�W+ l+�
��l�

�p
p

12 4 × ~pi

−8 measured ~l+, ~l−, E/T x , E/T y
+4 smear El+, El− , E/T x , E/T y

8 D Integration

Summary of the integration variables

(νx , νy , νz , ν̄z , El+ , El− , E/T x , E/T y )

Transform to more efficient variables

→ (νx , νy , νz , MH , El+ , El− , kx , ky )

Multiple solutions for each Monte Carlo sampling point
Using Importance Sampling integration
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Calculate PWW and PZZ

PWW : 8D Integration
MW + , MW− , νz , ν̄z , El+ , El−, kx , ky
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Calculate PWγ

q̄′

q

q′ ν̄l

γ
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(a) t-channel
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(c) FSR

5D Integrations:
mW ,kx ,ky ,ET 1,ET 2

Construct Pγ→lepton from Monte
Carlo

PWγ could discriminate Wγ from
Higgs

Less discrimination power for
MH < 160 GeV/c2
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Evaluate Sensitivity

Define Likelihood Ratio Discriminator

LR =
PHiggs

PHiggs + Σi fbi
Pbi

, Σbi
fbi

= 1

Two dilepton categories based on S/B ratio
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Bayesian Fitting to set 95% Confidence Level limit

L(s, bj) = Π
e−µi µni

i

ni !
G(bij , σij), µi = si + Σjbij
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Systematics

Systematics of 95% C.L. limit due to different sources

Implemented correlations between backgrounds

Source ∆σ95%C.L.(%)
Theoretical Xsec 8
NLO Acceptance 6
E/T modeling 4
Wγ Conversion 2
W+jets fake 3
trigger efficiency 3
PDF 2
lepton ID 1
luminosity 5
Total 13
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Improved Sensitivity

Re-implement previous analysis PRL97, 081802 (2006)
Factor of 1.2∼1.4 effective luminosity by adding new leptons
Factor of 1.8∼2.6 effective luminosity by using new methods
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Likelihood Ratio Cross Check

Alternative definition of likelihood ratio to treat background event
probability as signal

PHiggs isn’t included
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Results
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H → WW ∗ Search Results

Dominant limits for mH > 135 GeV/c2

Factor of 2 from SM at mH > 160 GeV/c2
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Fourth Generation

Manohar & Wise
hep-ph/0606172

?
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Change Gears to ZZ Search

llll
llνν

νννν
νν j j

ll j j

j j j j

Not observed in hadron collier
yet σNLO(pp → ZZ ) = 1.4 pb

Only using e or µ leptons

ZZ → llνν (1.1fb−1)
NS = 10.7, NB = 142.2,
Observe 182 (1.9σ)
Use Matrix Elements to
discriminate signal and
background

ZZ → 4 leptons (1.3fb−1)
NS = 2.55, NB = 0.03,
Observe 1 (2.2σ )

σ(ZZ ) = 0.75+0.71
−0.54(stat.+sys.)pb
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Significance of ZZ Production at 1.1 fb−1
Two Channels are Better than one

LR (ZZ, WW bkg)
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prob 2σ 0.50 0.92 0.88
prob 3σ 0.27 0.71 0.77
prob 5σ 0.05 0.24 0.51
Observed Significance 1.9 σ 2.2 σ 3.0 σ

New results at 1.9fb−1 will be released soon.
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Most likely ZZ → llνν event

  lepton 2  
  +  Central e

 = 51.5 GeV  T  p
 = -1.1  η  

  lepton 1  
  -  Central e

 = 123.5 GeV  T  p
 = -0.4  η  

 = 180 GeVTE

Event : 3792931  Run : 203265  EventType : DATA | Unpresc: 33,34,35,4,6,38,10,11,44,48,50,19,20,52,53,23,55,24,26,60,29,30,62,31 Presc: 33,34,4,6,38
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Summary

Improvements of Higgs search sensitivity: 2.2 ∼ 3.4 × Leff

Additional Leptons: 1.2 ∼ 1.4 × Leff

Matrix Element Method: 1.8 ∼ 2.6 × Leff

The packages are widely used in Diboson and H → WW group
These techniques have been applied to:

WZ (published in PRL98 161801(2007))
H → WW ∗ (public result, paper being written)
ZZ (new results will be released soon)
WW cross-section (result being updated before publication)
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Current Experimental Status

W Z γW γZ WW tt WZ t ZZ WW
→H SUSY
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Higgs is the next!
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Estimate W+jets

Data Derived Estimate of W+jets Background

Measure rate jets are midentified as leptons in multi-jet QCD
data

Assumes jets in multijet events are the same as in W+jets
1 Calculate in the jet data

Fake Rate=
#Identified Leptons

#Denominator Objects

2 Correct for W and Z contamination using Monte Carlo
3 Scale data W+“denominator object” events by measured fake

rate
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Systematics Breakdown

WW WZ ZZ t�t DY W W+jets HiggsE/T Modeling 1.0 1.0 1.0 1.0 20.0 1.0 - 1.0Conversions - - - - - 20.0 - -NLO Aeptane 5.5 10.0 10.0 10.0 5.0 10.0 - 10.0Cross-setion 10.0 10.0 10.0 15.0 5.0 10.0 - -PDF Unertainty 1.9 2.7 2.7 2.1 4.1 2.2 - 2.2LepId �1� 1.5 1.4 1.3 1.5 1.5 1.2 - 1.5Trigger E� 2.1 2.1 2.1 2.0 3.4 7.0 - 3.3Total 11.9 14.7 14.6 18.4 21.9 25.6 22.5 10.9
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Matrix Element Methods: SUSY

More decay chains with undetectable massive particles

�
q l�

l�~�01
q W ~��1 ~�01W�

~�02 Z0
�
l+ 18 six body decay

2 parton momentum fraction
2 parton level system pT

−4 four-mom conservation
−6 dilepton angle (δ function)
12 Total Integration d.g.f.
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Fitted Results

M H(GeV=2) 110 120 130 140 150 160 170 180 190 200�SM(HWW )(pb) 0.057 0.134 0.230 0.312 0.358 0.388 0.344 0.278 0.194 0.155median(pb) 3.9 2.9 2.4 2.2 1.8 1.2 1.1 1.3 1.4 1.5Observed(pb) 4.8 2.8 1.6 1.5 1.1 0.8 0.8 0.8 1.4 1.9+2�=�SM 139.4 45.1 21.0 13.7 10.4 6.1 6.5 9.1 13.7 19.5+1�=�SM 96.4 31.7 15.2 9.6 7.3 4.4 4.5 6.5 10.2 14.1median=�SM 69.0 21.7 10.7 6.9 5.2 3.1 3.2 4.6 7.1 9.7-1�=sigmaSM 48.9 15.4 7.7 5.0 3.7 2.2 2.3 3.2 5.0 6.9-2�=�SM 35.9 11.2 5.8 3.8 2.9 1.6 1.7 2.4 3.8 5.2Observed=�SM 83.0 20.9 7.0 4.7 3.2 2.0 2.4 3.0 7.0 11.6Table 1: Expeted and Observed Limit for Higgs at 1.9 fb�1 with System-atis (the ratios inlude the unertainty on �SM).
Higgs Mass (GeV)

Category 110 120 130 140 150 160 170 180 190 200
e e 0.1 0.3 0.6 0.9 1.2 1.4 1.4 1.1 0.8 0.6
e µ 0.2 0.6 1.3 2.0 2.6 3.1 3.0 2.5 1.8 1.4
µ µ 0.1 0.2 0.5 0.8 1.1 1.3 1.3 1.0 0.7 0.6
e trk 0.0 0.2 0.4 0.7 0.9 1.2 1.2 1.0 0.7 0.6
µ trk 0.0 0.1 0.2 0.4 0.6 0.8 0.7 0.6 0.4 0.3
Total 0.4 1.3 3.0 4.8 6.4 7.8 7.6 6.2 4.4 3.5

48/50



More kinematics
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